The entomopathogenic fungus, Nomuraea rileyi, causes major epizootics in populations of caterpillars which are pests of vegetables and field crops.
1) The ability of the conidia of such an entomopathogenic fungus as N. rileyi to adhere, germinate, and then penetrate the cuticular integument, resulting in mycelial growth and death of the host insect, is an intriguing biological process. Parasitic infection has been associated with a combination of factors, including surface recognition, mechanical penetration and enzymatic action.
It was been reported that the conidium of N. rileyi germinated with a shorter induction period and at a higher rate on culture media supplemented with a host insect-derived extract. [2] [3] [4] It has also been reported that N. rileyi conidia attached to the surface of the host insect required a shorter time for germination, 5, 6) as did those cultured on culture media containing a cuticle extract. These differences in germination behavior depending on the presence or absence of host insectderived ingredients might play an important role in the host recognition mechanism of N. rileyi, although the factor responsible for this mechanism has yet to be identified. In order to better understand the factor that accelerates the germination (GAF), our previous study has been extended to isolate the substance containing high-purity GAF from the pupae of silkworms, a host insect of N. rileyi. 7) This report describes the chemical structure of GAF and the structure-activity relationship.
Materials and Methods
Preparation of the N. riley suspension. A local strain of N. riley was isolated from cadavers of Spodoptera litura (Fabricius) collected from a soybean field. Its pure culture was maintained in the laboratory in Sabouraud-maltose agar fortified with 1% yeast extract (SMAY). After 10-14 d at 23 C, conidia were harvested from the SMAY medium with aqueous Tween 80, and the resulting suspension (5 Â 10 6 conidia/ml) was used in the bioassay.
Silkworm pupae. Silkworm pupae were dried at 120 C for 4 h (Usui Silk Reeling Industry, Gunma, Japan).
Isolation of GAF. The isolation process was the same as that described in the previous report. 7) Dried pupae (200 g) of crushed silkworm were extracted with methanol. The extract (21.2 g) in 1 MHCl methanol was heated and maintained at 100 C for 4 h. This methanolysis process increased the activity of the methanol extract. The reaction mixture was partitioned between petroleum ether and methanol, and then the methanol-soluble fraction (11.4 g) was further partitioned between n-butanol and H 2 O. The n-butanol-soluble fraction (6.0 g) was successively subjected to low-pressure normal-phase column chromatography, eluting with a chloroform-methanol solvent system with a linear gradient of 0% to 50% methanol in a silica gel column (150 mm spherical neutrality, Nacalai Tesque, Kyoto, Japan) to give an active fraction (384.0 mg). This active fraction from the silica gel column was successively subjected to reverse-phase column chromatography, eluting with an H 2 O-methanol solvent system with a linear gradient of 40% to 100% methanol in an ODS HPLC column (250 Â 20 mm I.D., Cosmosil 5C18-MS-II, Nacalai Tesque) to give an active fraction (50.7 mg). This active fraction from the ODS column was successively purified in a Sephadex LH20 column (1;000 Â 10 mm I.D., GE Healthcare UK, Buckinghamshire, UK), eluting with methanol, to give a colorless waxy substance as the active fraction (12.4 mg). The isolated substance (GAF) exhibited activity more than 46,000 times higher than that of the methanol extract.
Bioassay. The germination activity was assayed on a 96-well microplate (a non-tissue culture-treated plate, flat bottommed with a y To whom correspondence should be addressed. Fax: +81-96-248-6450; E-mail: noda-t-dw@pref.kumamoto.lg.jp Abbreviations: COSY, correlation spectroscopy; EC 50 , effective concentration for a 50% germination rate; GAF, germination-accelerating factor; HMBC, heteronuclear multiple-bond correlation; HMQC, heteronuclear multiple-quantum coherence; HPLC, high-pressure liquid chromatography; SE, standard error; SDW, sterile distilled water; TMS, trimethylsilyl; GC, gas chromatography; MS, mass spectrometry; EI, electrospray ionization low evaporation lid; BD Falcon, Franklin Lakes, NJ, USA). The sample of 1 ml/well was evaporated on a clean bench and then supplemented with 10 ml of a conidial suspension in aqueous Tween 80 (5:0 Â 10 6 conidia/ml), 10 ml of SDW and 10 ml of 1.0% peptone (from casein, a pancreatic digest, Kyokuto Pharmaceutical Industrial, Tokyo, Japan). Two concentrations of Tween 80 (0.05% and 1.0%) were prepared for the conidial suspension. After mixing the culture medium by a microplate mixer for 5 min, the plate was incubated in the dark for 10 h at 23 C. Conidial germination was observed at 400Â in the field of view of an inverted microscope showing hundreds of spores at the center of a well. Germination of a conidium was judged by a germ-tube length greater than one quarter of the width of the conidium. A minimum of 100 conidia were observed to assess the germination rate, and the rate (%) was calculated by {[germinating conidia/(nongerminating conidia þ germinating conidia)] Â 100}. Concentrationresponse data for the germination rate (%) were analyzed as the effective concentration for a 50% germination rate (EC 50 ). Non-linear curve fitting was performed with the Kyplot 5.0 program (KyensLab, Tokyo, Japan) to determine the EC 50 value.
NMR analyses. NMR spectra were measured by an Alpha 500 spectrometer (Jeol, Tokyo, Japan) in chloroform-d in a 5-mm tube, chemical shift values being given on a (ppm) scale with tetramethylsilane as an internal standard. The 1 H-and 13 C-NMR signals were assigned with the aid of 1 H-1 H correlation spectroscopy (COSY), heteronuclear multiple-quantum coherence (HMQC), and heteronuclear multiple-bond correlation (HMBC) spectra. The following abbreviations are used: s, singlet; d, doublet; t, triplet; q, quartet; br, broad.
Optical rotation. Optical rotation data were measured with a DIP-1000KYU digital polarimeter (Jasco, Tokyo, Japan).
Acetylation. GAF (1.5 mg) in Ac 2 O-pyridine (1:1, 0.3 ml) was left to stand at room temperature for 2 h. After removing the reagent under a stream of N 2 , the residue was partitioned between ethyl acetate (1 ml) and H 2 O (1 ml). The ethyl acetate layer was concentrated to give the acetate of the active substance (1.7 mg).
TMS derivative. GAF of 10 mg was trimethylsilylated at 65 C for 5 min with 1.0 ml of TMS-H (GL Science, Tokyo, Japan).
GC/EI-MS analysis. Trimethylsilylated GAF was analyzed with a 6890N and 5973N EI-mass spectrometer (Agilent Technologies, CA, USA), using an HP-5MS column (0.25 mm I.D., 30 m, 0.25 mm thickness; Agilent Technologies) at 80 C for 10 min, increasing to 280 C at 10 C/min, and finally held at 280 C at 8 min. The electron ionizing energy was 70 eV.
Effect of the chain length of sphingosine on germination activity. D-erythro-C 12 -sphigosine (catalog no. 1838, Matreya, PA, USA), D-erythro-C 14 -sphigosine (catalog no. 1833, Matreya), D-erythro-C 16 -sphigosine (catalog no. 1835, Matreya) and D-erythro-C 18 -sphigosine (catalog no. S7049, Sigma-Aldrich, MO, USA) were assayed for their germination activity.
Results and Discussion
GAF was prepared from silkworm pupae, the host of entomopathogenic fungus N. rileyi. A 200-g amount of dried silkworm pupae was successively subjected to methanol extraction, methanolysis, two different solvent partitions, and three different column chromatographies. A total of 12.4 mg of a substance (GAF) was isolated in the active fraction. 7) This isolated GAF was subjected to structural analyses. 10) It was found that GAF had the erythro (rel. 2S, 3R) configuration. Furthermore, a negative optical rotation was shown (½ 21 D À31:0 (c0.1, CHCl 3 )), confirming that its absolute configuration was D-form. The molecular weight of GAF was determined by using the conventional GC/MS method [11] [12] [13] [14] for its trimethylsilylated derivative. A peak corresponding to GAF was detected at RT 16.7 min, and the MS spectrum of this peak gave fragments at m=z 387
, confirming its molecular weight to be 387. This determined molecular weight is consistent with the number of protons calculated by the integration curve of the 1 H-NMR spectrum ( 1.20, 1.40, 14H), and the number of carbons estimated from the 13 C-NMR spectrum ( 29.2, 29.4, 29.5, 29.6, 29.7, CH 2 Â 5). Thus, the structure of GAF was determined to be 2S-amino-tetradeca-4-ene-1,3R-diol (D-erythro-C 14 -sphingosine) (Fig. 1) .
The methanolysis digestion included in the purification process for GAF in this study was the most effective step that improved the activity by about 150-fold. 7) This leads to the hypothesis that an inactive precursor was present that produced active degradation products by the methanolysis digestion. The results of the present study reveal that GAF was probably C 14 -Sph. Taken together, it is considered that such complex sphingosines as ceramides, sphingolipids carrying sphingosine by an amide bond with a fatty acid, were the precursors described in the hypothesis.
7) The cleavage of an amide bond of these sphingolipids by methanolysis 15) therefore produced active degradation products, namely, sphingosines.
We next examined the biological activities of similar substances with regard to the carbon chain length (molecular species of D-erythro-sphingosine with 12 (C 12 -Sph), 14 (C 14 -Sph), 16 (C 16 -Sph) and 18 (C 18 -Sph) carbon atoms as a sphingoid-base backbone structure) to elucidate the structure-activity relationship. Figure 2A shows the results of bioassays using 1.0% Tween 80 for the conidial suspension. The activities of C 12 -Sph, C 14 -Sph and C 16 -Sph increased in a dose-dependent manner, each showing a sigmoidal dose-response relationship. C 14 -Sph, a compound identical to GAF, showed the highest activity (EC 50 of 1:02 Â 10 À8 mg/ml), followed by C 12 -Sph (EC 50 of 5:88 Â 10 À7 mg/ml) and then C 16 -Sph (EC 50 of 9:20 Â 10 À6 mg/ml). The activity of C 18 -Sph did not increase in a dose-dependent manner.
Standard substances of C 14 -Sph exhibited similar levels of biological activities to GAF, confirming that GAF was D-erythro-C 14 -sphingosine. The amphiphilic characteristics of sphingosines could result in the concentration of the detergent used in the bioassays influencing the solubility of sphingosines in an aqueous assay medium. Therefore, in the next experiment, a lower concentration of detergent (0.05% Tween 80) was used in the bioassays (Fig. 2B) . The activity of C 14 -Sph increased in a dose-dependent manner up to a concentration of approximately 10 À5 mg/ml. However a rapid decrease in activity was observed at higher concentrations. C 12 -Sph showed the same manner of activity at about 10 À3 mg/ml, and its activity decreased at higher concentrations. C 16 -Sph and C 18 -Sph did not increase in a dose-dependent manner. A low concentration of the detergent (0.05% Tween 80) used in the assay medium resulted in the activities of C 14 -Sph and C 12 -Sph decreasing when their concentration exceeded a certain level. This was probably due to micelle formation of amphiphilic sphingosines which would have occurred above the critical micelle concentration (CMC) in the assay medium. These sphingosines were therefore active as monomers, but their activities were impaired by micelle formation. This suggests that the alkyl chains of monomeric sphingosine, which are not present on the surface of micelles in an aqueous assay medium, hydrophobically interacted with the receptors on conidia and functioned as agonists (Fig. 3) . When the threshold concentrations of C 12 -Sph and C 14 -Sph at the point when their activity started decreasing were compared, the former showed a higher concentration than the latter. This can be explained by the higher CMC value of C 12 -Sph than that of C 14 -Sph, possibly due to differences in their carbon chain length. 16) On the other hand, when a high concentration of the detergent (1.0% Tween 80) was used in the bioassay, C 12 -Sph, C 14 -Sph and C 16 -Sph each showed a sigmoidal dose-response relationship ( Fig. 2A) . This suggests that the detergent improved the solubility and prevented micelle formation of these sphingosines, consequently maintaining them as monomers even in a high concentration range. The low biological activity of C 18 -Sph was possibly due to its poor solubility, resulting in few monomers existing in the aqueous detergent used in the bioassay. With regard to the solubility of sphingosines in the aqueous detergent, C 12 -Sph carried the lowest hydrophobicity because of the shortest carbon chain and remained as a monomer at a high concentrations, implying the higher activity of other sphingosines with a longer carbon chain. However, the results of the present study show that the C 14 -Sph had the highest activity. This suggests that the carbon chain length of the sphingosine portion strongly contributed to the activity and this may have affected the affinity to receptors. There would be corresponding receptors involved in the host recognition mechanism if sphingosines function as agonists. No sphingosine receptor has been reported to date, although the Edg family of G-protein-coupled receptors, which is composed of plasma membrane proteins, has been identified as a receptor for sphingosine-1-phosphate. 17) It is therefore possible that sphingosines have affinity to similar receptors. However, direct recognition of sphingosines by N. rileyi conidia requires the expression of sphingosine receptors on the surface components of conidia (the rodlet layer 18) ), so sphingosine receptors may belong to a new type of receptor family. Almost all sphingoid bases from insects (Drosophila melanogaster, 19) Drosophila sphingadienes, 20) and Manduca sexta 21) ), which are not known as hosts of N. rileyi, carry 14 carbon atoms in the structure of the sphingoid base. Since 18 and 20 carbon atoms of the sphingoid base are commonly found in mammalian 22, 23) and yeast cells, [24] [25] [26] 14 carbon atoms of the sphingoid base appear to be insect-specific. This suggests that C 14 -Sph can be recognized as a marker of insects, although it does not serve as a host-specific marker. It is necessary in the future to investigate whether N. rileyi conidia utilize other host-specific molecules to determine the host insects. It has also been reported that adding a cuticle extract to conidia not only accelerated germination but also elevated the activities of such enzymes as chitinase and proteases, possibly due to an induced parasitic metabolism response. 27, 28) It would be interesting to determine whether C 14 -Sph has similar effects.
Since the germination of conidia of an entomopathogenic fungus can be induced, this physiological activity may be utilized for the effective control of pests. Successful fungal infection is affected by environmental (e.g., temperature, humidity and sunlight) and biological (e.g., sensitivity and ecdysis) factors. 29) This shows that the conidia of an entomopathogenic fungus attach to and invade an insect only when nearly 100% humidity [30] [31] [32] [33] [34] and an appropriate temperature [35] [36] [37] [38] [39] are maintained for 16-41 h. [40] [41] [42] These requirements are not easily achieved in a field environment, and this is considered to be one of the reasons for the unstable effects of fungal pesticides. We have proved that GAF induced the germination of N. rileyi conidia, and it will reduce the time between conidial attachment and their invasion into the insects. The application of GAF to a biological pesticide will lower the environmental requirements for fungal infection, and the effect of the fungal pesticide will be stabilized in a field environment.
